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COMPARISON OF TWO FUELS IN BUMBLEBEE 18~-IRCH RAM JET
INCORPORATING RAKE-TYPE FLAME HOLDER

By Fred A. Wilcox and Ephraim M. Howard

SUMMARY

An investigation to determine the performance of a Bumblebse
18-inch ram Jet incorporating & rake-type flame holder was con-
ducted using kerosene and propylene oxlide as fuels. Experiments
were performed in the Cleveland altlitude wind tumnel at approxi-
mate pressure altitudes from 20,000 to 35,000 feet and at ram-
pressure ratios equivalent to supersoniec free-stream Mach numbers
over the operable range of fuel-alr ratios.

Use of propylene oxide improved the stability of combustion,
increased the operable range of fuel-alr ratlios, and allowed
ignition at higher values of combustion-chamber-inlet veloclties.
At a fuel=alr ratio of about 0.070, the combustlon efficlency was
raised from a value of approximately 57 percent to a value of approxi-
mately 85 percent when the fuel was changed from kerosene to
propylene oxide. The higher fuel-alr ratios and combustlion effi-
clencies attainable with propylene oxide, compared with those
attainable with kerosens, resulted in generally higher values of
gas total-temperature ratio, net thrust, and net-thrust coefficlent
with no appreciable change in specific fuel consumptlon,

INTRODUCTION

An investigation was conducted in the NACA Cleveland altitude
wind tunnel to determline the operational performance of s Bumblebee
18-inch ram Jet eguipped wilth varlous flame holders at high altitudes
and ram-pressure ratios equlvalent to supersonic free-stream Mach
numbers. The flame holders, were developed as 2 part of the Bureau
of Ordinance, Department of the Navy, Bumblebee project and were
proven satisfactory during sea-level investigations (reference 1).
Inasmuch as the difficulties encountered in free-flight investiga-
tions preclude a detalled study of combustlon-chamber performance
at high altitude, a detalled Investigatlon was made In the Cleveland
altitude wind tunnel under controlled condltions of pressure altitude
and equivalent free-stream Mach number.
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Altiltude performance data for the best configuration employing
a cen-type flame holder are presented in reference 2. Performance
data for the best rake-type flame holder are presented herein for
& range of pressure altitudes from 20,000 to 35,000 feet and equi-
valent free-stream Mach numbers from 1.03 to 1.43. Most data were
obtalned with kerosene as fuel, but some data were obtained with
propylene oxide,

Combustion~chamber performance data are preasented in terms of
combustion efficlency and gas total-temperature ratioc across the
englne as functions of the combustion-chamber-inlet variableas of
fuel-air ratio, velocity, and pressure. Over-all ram-jet perform-
ance is presented in terms of parameters that generalize the results
to any desired operating condition 1n accordance with the methods
presented in references 4 and 5.

APPARATUS AND PROCEDURE

The Bumblebee 18-inch ram Jet used in the inveastigation was
mounted above a wing that extended across the 20-foot-diameter test
section of the Cleveland altitude wind tunnel (fig. 1). Air that
wag throttled from approximately sea-level pressure to the desired
total pressure at the diffuser inlet was directly supplled to the
ram jet through a pipe from the wind-tunnel mske-up alr system.

The temperature of the inlet alr was maintalned at 140° £ 10° F

to approximate the stagnation temperaturea that would be cbtained

at the equivalent free-stream Mach numbers investigated. A slip
joint with a labyrinth air seal waa attached to the diffuser inlet
in order to obtaln thrust measurements with the wind-tunnel balance
system. Inasmuch aag the englne exhauvsted directly into the test
gection, various ram-pressure ratios across the engine were obtalned
by varying the preasure altitude in the tunnel or by throttling the
inlet air,

The ram Jet consists of a subsonic diffuser contalning a center
body and a water-cooled combustion chamber (reference 2). The dif-
fuser has an ll.5-inch-diameter inlet, a diffuser ratio of 1l.64,
and an over-all length of 9.54 feet. Attached tc the diffuser was
a constant-area combustion chamber having a diameter of 18 inches,

a length of 5.62 feet, and a restriction to a 17.5-inch dlameter at
the outlet. The combustion chamber was cooled by water clrculated
through passages mede by welding U-channels of Inconel around the
outer surface.
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The fuel-distributor system (fig. 2) was loceted in the rear
gection of the diffuser center body approximastely 35 inches forward
of the downstream end of the flame holder. This system consisted
of two fuel patterns, designated 1 and 4 by the Applied Physics
Laboratory of the Johns Hopkines Unlversity. These patterns were
alternately spaced around the ram-jet center body facing in an
upstream direction. The locationa of the points of injection for
the two fuel patterns are glven in figure 2. Fuel pattern 1 gave
a mixture that wag rich toward the center of the diffuser annulus
and gpread out over a range of radil., Fuel pattern 4 discharged
the fuel in a narrow band at radii slightly lerger than the mean
area radlus of the diffuser annulus. The fuel-injector tubes had
orifice diameters of approximately 0.188 inch. A drop in fuel
pressure of from 12 to 20 pounda per square inch wes malntained
across the system for the range of fuel flows used by means of the
variable-orifice-area plunger valve descrlbed in reference 3. This
system provided a relatively uniform dlstribution of fuel to the
InJectors over & wide range of fuel flows with small changes in
fuel-injection pressure.

A vortex-type pilot burner attached to the downstream end
of the diffuser center body was used to ignite the fuel (fig. 3).
Alr was supplied fram the diffuser through two air ducts built
into the center body. This alr was discharged into the pllot
burner through two 45° pipe elbows, which imparted a vortex motion
to the air,

The pilot combustion chamber consisted of & truncated cone
16 inches long that expanded in diameter from 6 inches at the
upstream end to 7 inches at the downstream emnd. Fuel was supplied
through a commercial gpray nozzle, whlch was operated at approxi-
mately its rated delivery of 21.5 gallons per hour at a pressure
of 100 pounds per sguare inch, The fuel-zlr mixture in the pilot
was ignited by a spark plug. A tube through which hydrogen could
be injected was 1Included to aid ignition.

The flame holder, which was fltted to the downstream end of
the pllot combustion chambsr as shown 1in figure 4, consisted of
six flared-tube rakes Interconnected with gutters. A photograph
of this flame holder after operation is shown in figure 5., Three
alternate rakes were connected to a center tube, which fltted over
the pilot combustion chamber, by gutters to provide a chammel in
which the flame could travel outward from the pilot burner to the
rakes.



4 . - NACA RM No. ESF11 -

In order to obtain better starting characteristics anmd a wider
range of pllot stebllity than afforded by kerosene, propylene oxlde
wasg used as pillot fuel. Both AN-F-32, hereinafter deslignated kero-
sene, and propylene oxide were investigated as fuels in the main
burner. Some properties of each fuel are given in the following table:

987

Property Kerosene Propylene
AN-F-32 oxide
Heating value, Btu/l1b 18,500 13,075

Approximate stoichlo-
metric fuel-alr

ratio 0.068 0.105
Specific gravity 0.792-0,835 0.831
Boiling point, OF 50-percent 93

point, 362-382
Flash point, ©F 110 =35

Air flow through the engine was calculated from measurements
of total and static preasures and indicated temperatures obtained .
with survey rakes mounted 1n the diffuser inlet., Combustion-
chamber-inlet veloclties were computed from alr flow and wall
gtatic pressures measured at the ccmbustion-chamber inlet. Fuel
flows to the main burner and the pilot burner were determined by a
rotameter and by the pressure drop acrcss the pllot fuel nozzle,
respectively. In a&ll computations, fuel to the pilot, aes well as
the main bwrner, was included. As an alternate for the wind-tummel
belance system, Jot thrust was calculated from measurements of total
and static pressures obtelned from a water-cooled cambustion-
chamber-outlet rake,

Combustion-efficiency, gas-total-temperature-rise, and engine-
performaence parameters were computed by the methods outlined In
refdrences 4 and 5. Heat loss to the combuation-chamber cooling
water was accounted for in the calculation of combusticn efficiency.
This heat loss was computed from water-flcw and temperature-rise
measurements. The pressure lcess that would occur aorcea a normal
shock at the throat of a convergent-divergent diffuser of optimum
contraction ratic was added to the measured diffuser total pres-
sure to obtain the sguivalent free-stiream total pressure from which
the equivalent free-stream Mach numbers were computed.

Total-pressure losses ecross the diffuser were measured with-
out fuel injection by means of a rake at the diffuser Inlet and a ‘
reke lccated downstream of the fuel injector. Flame-holder total-
pressure losses were determined from total pressures meesured with
the reke behind the fuel Injector and the combustilon-chamber-ocutlet
rake.
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Data were obtained with kerosene at an approximate pressure
altitude of 30,000 feet over the operable range of combustion-
chamber~inlet static pressures and fuel-air ratios. In addition,
two data points were obtained with kerosene at a pressure altitude
of approximately 35,000 feet and with reduced combusticn-chamber-
inlet statlc pressure. With propylene oxide, two data points were
obtained at an altitude of approximately 20,000 feet and one point
at approximately 30,000 fest. When possible, lean and rich blow-
out points were determined for each fuel.

SYMBOLS
The following symbols are used in this report:

a cross-sectional area, square feet
Fn
c net-thrust coefficient, ——
F " b3
FJ Jet thrust, pounds
F net thrust, pounds
n

f/a fuel-air ratio

M Mach number

P total pressure, pounds per square foot absolute
AP

total pressure drop, pounds per square foot

;) static pressure, pounds per square foot absolute
q dynamic pressure, pourdls per square foot

T total temperature, °R

v veloclty, feet per second

W, eair flow, pounds per second

Wy fuel flow, pounds per hour
s} ratio of absolute tunnel ambient-air pressure to absolute

ptatic pressure a2t NACA atandard atmospheric condltions
at gea level, p0/2116
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! over-all efficlency, percent
Ny cambustion efficiency, percent

2] ratio of absolute total temperaturs at diffuser inlet to abaoclute
gtatic temperature at NACA standerd atmospherilc comditions
at sea level, T,/519

T ratlio of absolute total temperature at combustion-chamber out-
let to absolute total temperature at diffuser inlet, T,/Ty

Subscripta:

o equivglent free-stream corditions

1 subsonic diffuser inlet

2 diffuser outlet and coambustlon-chamber inlet
4 combustion-chamber cutlet

J exhaust Jet at ambient pressure (pJ = Dg)

RESULTS AND DISCUSSION

Ran- jet performance data obtained over the operable range of
fuel-air ratios and with two fuels for combustion~-chamber-outlet
conditlons at or near choklng are presented. The ranges of fuel-
air ratio f/a and combustion-chamber-inlet static pressure p2

and velocity V, over which the engine was operated are shown in
table I.

The blow-out data shown 1n table I represent the minimum and
maximum f£/a at which combustion could be maintained in the engine.
The ranges of inlet condltions over which the blow-out data were
obtained are shown by the values of pp; and V, 1in table I. With

kerosene as the fuel, the operable range of f/a narrcwed as P2

was reduced from 1922 to 1000 pounds per square foct absolute. At
‘this lower Po, lean and rich blow-out points were almosEFCOincident.

For the range of ccmbustion-chamber-inlet conditlions investl-
gated, the operable range of fuel-alr ratios wlth propylene oxide
ag a fuel and the range of percentage stoichiometric fuel-air ratilo
were wider than with kercsene. No additlonal data were cbtalned
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with propylene oxide because of the limited quantity of fuel avail-
able, At maximum p,, the rich blow-out limit could not be obtained

with propylene oxide because the fuel pump used could not deliver
the fuel rates required.

Operation was satisfactory over the entire operable range of
fuel-air ratios for each fuel. Use of propylene oxlde improved
stebility of combustion, increased the operable range of f£/a, and
permitted ignition at higher V.

Ram=-Jet Ccmbustion Performance

The relations between combustion-chamber parameters, combustion
efficiency n2, Vs, p2, gae total-temperature ratio T, and f/a,
are. presented in figures 6 to 8, In figure 6, 7, and T are
presented eas functions of f/a. Values of V2 at which the data were
teken are Indicated for the m, data points. Combustion effi-
ciencies obtained with propylene oxide were higher than those obtained
with kerosene. At an f£/a of about 0.070 and Vp of approximately
240 feet per second, 7 was ralised from an approximate value of
57 percent to a value of about 85 percent when the fuel was changed
from kerosene to propylene oxide. Over the range of f/a investi-
gated for both fuela, np decreased as f/a increased. At a con-
stant value of f/a, the value of T obtained with both fuels wvas
approximately the same. Higher values of T were obtained with
propylene oxide than with kercsene because burning with high com-
bustion efficiencies was maintained at higher f£/a.

With kerosene at approximately constant values of Vz and f/a,
variations in pp appeared to have little effect on m, over the

range of Dy for which date at constant V, and f/a were obtained

(fig. 7). This effect is similar to results reported in previous
investigations (references 2 and 6).

Insamuch a8 Pz had negligible effect on 7y over the range
investigated, the data 1in figure 8, which show the effects of Vj,
were selected only for constant f/a.. At an f/a of 0.068, My
decreased from a value of about 63 percent to a value of 54 percent
as V, was ralsed from 230 to 247 feet per second. Thls decrease

in 7y was presumably due to the reduced time avallable for combus-
tion with increased Vs, At a Vy of approximately 246 feet per
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second, 1, Wwag reduced from a value of about 64 percent toc a value
of about 54 percent when the f/a was increased from 0.058 to 0.068.
The maln cause of thils decrease in n, Wwas believed to be lccal
overenrichment of the fuel-alr mirture.

Ram-Jet Over-All Performance

Ran-Jet over-all performance parameters are presented as func-
ticns of equivalent free~stream Mach number MO in figures 9 to 186.

Jet thrugt F, and Jet thrust reduced to NACA standard atmospheric

conditions at sea level, FJ/S are shown in figure 9, Approximate

pressure altitudes at which the data were taken are ashown in fig-
we 9(a). At constant M,, Fy increased as the pressure altitude

was reduced. Both F; and Fy/3 increased as My was raised.
A single curve has been falred through the FJ/S data for both rake
anl scale measurements.

Reduced net thrust Fp,/8 and net-thrust coefficient Cp ave
shown in figure 10, Both F,/8 and Cp 1ncreased with increasing

and alsc with increasing . The highest wvalue of Fn/5 reached
in the investigation (3890 1b) was attained at an M, of 1.42 and
a T of 5.1 with propylene oxlde as the fuel. At this condition,
the value of CF wasg 0.733. At an MO approximately equal to 1.1,.
Cp was increased from an approximate value of 0.47 to 0.64 by
increasing the valus of T from 4.4 to 6.0. Inasmuch as the use

of propylene oxide permitted the attalmment of higher values of T,
higher values of F_ /& and Cp ocould have been cbtained at high

Mo if more propylens oxide had been available.

The trends in reduced air gpecific Iimpulse with variationa in
M, or T (fig. 11) are similar to those in Fn/s and Cp (fig. 10).

At a oonstant value of T, the reduced alr specific impulse increased
as MO was raised. The maximum value of reduced ailr specific impulse
obtainsd was 48 pounds net thrust per pourd air per second; this
value was obtained at the same condlitlions as the maximum Fn/ 5 and
CF. At an MO of epproxlmately 1.1, the reduced alr specific impulse
was Iincreased from about 26.5 to about 42.5 pounds net thrust per

pound alr flow per second by ralsing the value of T from 4.4 to
6.0.



NACA RM NRo. ESF11 ol 9

Dete for the speciflc fuel consumption reduced to sea-level
conditions are shown in figure 12. Inasmuch as several curves of
constant 7, and T would be required for each fuel to correlate
the data, these curves are omitted for clarity and the values of 1y
and T are noted beside the polnts. As My increased, the specific
Tuel consumption reduced to sea-=level conditions decreased. Because
of the hlgher heating value of the kerosene, no appreciasble differ-
ence was obtained hetween the valuea of the reduced specific fuel
coneumptions for the two fuels. On & volumetric basls, the reduced
specific fuel consumptions would be nearly equal for the two fuels
because of thelr nearly equal demsities.

Over-all efficliency and ldeal over-all efficlency are shown in
figure 13. As in the case of specific fuel consumption reduced to
gsea~-level condltions, over-all-efficiency curves at comstant 10
and T for each fuel are not presented. These data were generalized
to one curve of ideal over-all efficiency (fig. 13(b)) by methods
outlined in reference 5. As Mgy was raised, the over-all efficiency
increased over the renge investigated. The highest over-all effi-
ciency (10.4 percent) was obtained at the same conditions as the
maximum. F, /6, Cp, and reduced air specific impulse. At an My

of about 1.43, the over-all efficiency was raised from a value of
ebout 8.0 percent to & wvalue of about 10.4 percent when the fuel was
changed from kerosene to propylene oxlde. This increase primarlly
resulted from the improved combustion efficiency-

Exhaust-3et Mach number and combustlion-chanmber-inlet Mach

number parameter Msa/T are presented in figures 14 and 15 s Tespect-
tively. Combustion-chamber-outlet choking MJ 2 1 occurred at

equal to or greater than approximately 1.20. Over the range investi-
gated, My increased in an almost linear manner with M,. The
value of M2 /T had an essentlally constant value of approximately

0.445 over the range of Mo Investigated.

The total-pressure ratio across the engine P J/PO is presented
in figure 16. The essentially constant relation between P;/Py end
MO was obtalned because the ram Jet was operated at or near combustion-
chamber-outlet choking conditions. Inoluded in PJ/PO is the assumed
supersonic-diffuser-recovery ratio, which is 0.99 at an My of 1.40.

Discusaions and evaluations of the various types of pressure loss in
ram Jets are given in references 5 and 7.

Measured total-pressure-drop coefficlents, expressed as the ratio
of total-pressure drop to impact preasure at the combustion-chamber
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inlet, were obtalned from drag studies without combustion acroas the
subgenic diffuser with the fuel iInjJector in place and across the

flame holder and the combustion chamber, These coefficients are pre-
gented in figure 17 as functions of the combustion-chamber-inlet Mach
number MZ‘ The totel-presaure-drop coefficient for the subsonic dif-

fugser increased with M; from a value of about 1.5 at My of about
0.07 to a value of approximately 2.2 at an Mp; of about 0.30. Over
the same range of Mz, the total-pressure-drop coefficient across the

flame holder and the combustion chamber was approximately constant at
about 1.45.

SUMMARY OF RESULTS

The following reaults were obtalned from an investigation of
e Bumblebee 18-inch ram Jet equipped with a rake-type flams holder
and operating at pressure altitudes from approximately 20,000 to
35,000 feet and at ram-pressure ratlos eguivalent to supersonic
free-gtream Mach numbers with kerosene and propylene oxide as fuela:

1. An improvement 1n combustion efficliency was noted when
propylene oxlide was substituted for kercsene as the fuel. At a fuel-
air ratio of approximately 0.070, the combustion efficiency was ralsed
from a value of approximately 57 percent to a value of about 85 per-
cent when the fuel was changed from kerosene to propylene oxide, At
this fuel-alr ratlo, approximately equal values of gas total-temperaturs
ratios across the engine were obtained,

2. The use of propylene oxide in place of kerosene improved the
stabllity of combustion, permitted ignition at higher values of
combustion~chamber-inlet velooities, and increased the range of fuel-
alr ratiocs at which combustion could be maintained, Higher values of
fuel-alr ratio and combustion efficlency attalinable with propylene
oxlde resulted in generally higher wvalues of gas total-temperature
ratio, net thrust, and net-thrust coefficient.

3. Values of specific fuel consumption reduced to sea-level con-
ditions obtalned with kerosene, and with propylene oxide were inap-~
preoclably different because of the higher heating value of kerosene.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeromautics
Cleveland, Ohlo.
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IN BUMELEBER 18-IKCH RAM JET

TABLE I ~ RANGE OF OPERATION FOR INVESTIGATION OF RAKE-TYPE FLAME HOLDER

Fusl Combugtion- Lean 1imit Rich )imit
ohamber-inlet
atatic pres- Fusl-air|Percentage| Combustion- [Fuel-air [Percentage |Combustion-
Bure, P, r7tio stolohi- |chamber-inlet r;.tio stolchi~ |chamber-inlet
f/a ametric |Veloclity, Vyif/a cmetric  [velooity, Vs
1b/sq £t abs. ’ 2 s
(1b/eq £t abs.) (£t/860c) (£t/sec)
Kerosens 1785 - 1922 0.047 69 279 0,072 106 230
(AN-F-32) 1396 - 14237 047 69 263 .072 106 250
1183 - 1209 .057 84 269 .067 99 247
1000 .062 1 - .062 g1 -—-
Propylens 1803 - 1955 0.050 48 285 (a) {a) -—-
oxide 1350 = 1400 .030 29 336 0.107 102 174
8Rich 1imit not determined.
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Figure 5. - Rake-type flame

holder after operation in Bumblebee l8-inch ram Jet.
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(2) Flame-holder total-pressure—drop coefficient.

NACA RM No.
. 2.0
1 ot
3.3
£ T
g
L7
K §+; 1.0
L
e
{ o 0©
[T
5 A%y
S 9
B O 0
Q
3.0

2

APy _p/q
D
o

Diffuser total~-pressure-drop
coefficlent,
-
o

o

o -
/'//C
o
oo
A£>”””’
~RAGA—
1
o .1 .2 .3

Combustion—chamber-inlet Mach number, Mg
{b) Diffuser total-pressure-drop coefficient,

Figure 17. — Effect of combustlon—-chamber—inlet Mach number on
flame-holder and diffuser total—-pressure-drop coefficlents
without combustion.
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